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ABSTRACT 
 
This thesis analyzes the piezoresistive effect in metal and semiconductor, discusses the effect 
of temperature and doping concentration, introduces a newly developed strain gauge using 
single crystalline silicon on plastic substrate, and describes the Colpitts oscillator that has the 
potential of wireless data transmission between sensor and data acquisition unit. In general, a 
metal strain gauge has high flexibility with low sensitivity, whereas the semiconductor strain 
gauge has high sensitivity with low flexibility. Devices using thin ribbons of single crystalline 
silicon on plastic show gauge factor of 41 with good flexibility and repeatability. Integrating 
with PN diodes on the same substrate yields a large area 6 x 6 array that can be used in 
various applications such as structural health monitoring and cybergloves. The successful 
fabrication of all active and passive components of the Colpitts oscillator on the same flexible 
substrate has great promise for future high speed wireless data acquisition systems.  
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CHAPTER 1 
INTRODUCTION 
 
Since the discovery of the piezoresistive effects in silicon by Smith in 1954 [1], 
silicon based electro-mechanical sensors have been widely used in various applications; they 
are used to measure motion related measurands such as position, velocity, and flow, and force 
related measurands such as strain, torque, and vibration [2]. In most cases these mechanical 
signal sensings are based on the piezoresistive effect where the change in resistance of a 
transducer indicates the mechanical changes of the device [2]. Along with high piezoresistive 
coefficients associated with single crystalline silicon, its high natural abundance and mature 
processing technology have made silicon the most suitable material for these applications. [3] 
These rigid wafer-based sensors, however, are not suitable for certain applications. 
For example, a large-scale integrated system on a flexible substrate is required for an 
interface with the human body and aircraft wings [3]. Conventional metal strain gauges 
exhibit great flexibility for use in this format, but their low sensitivity and limited scalability 
to large areas are the bottomneck [4]. In this thesis, I will introduce a distributed, networked 
array of piezoresistive strain sensors based on ultrathin single crystalline silicon membranes 
on a thin plastic substrate using a previously reported method of deterministic transfer 
printing.  
In order to acquire the data from the sensor in a wireless manner, passive components 
such as an inductor and capacitor, and active components such as an MESFET have to be 
operated in the radio frequency region. A paper by Kim et al. [5] shows successful data 
transmission from the sensor through anisotropic conductive films, but several surgeries are 
required to obtain data because the sensor is implanted in the human body. Wireless power 
and signal transmission between the implanted device and the data acquisition system can 
- 2 - 
 
remove these unnecessary surgeries and improve safety by reducing the number of metal 
electrodes. This thesis will introduce all the passive and active components that are required 
to generate the Colpitts oscillator and their electrical properties in the radio frequency region.  
The thesis starts with basic physical principles of the piezoresistive effect which also 
explain the strain effect on the characteristics of devices such as diodes and MOS transistors. 
The performance variation of devices due to the different temperature and doping 
concentration is followed by reported theoretical results. Finally, the thesis introduces a new 
strain gauge system using single crystalline silicon on a plastic substrate, and shows that the 
inductor, capacitor, and MESFET are able to operate in the high frequency region.  
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CHAPTER 2 
BASIC PHYSICAL PRINCIPLES 
 
2.1 History of Piezoresistive Effect 
 Piezoresistive effects were discovered by Lord Kelvin in 1856, and the first device 
consisting of metal wires on a paper carrier was introduced in 1939 [2]. These metal based 
strain gauges are still used widely nowadays to monitor structural health of aircraft wings and 
building walls. The very small sensitivity (i.e. strain gauge factor) of such systems, however, 
limited their application where a high signal-to-noise ratio is required or low strain is to be 
measured [2]. The discovery of the high strain gauge factor of semiconductors in 1954 by C.S. 
Smith sparked great interest.  
  
2.2 Metal Strain Gauge 
A typical metal strain gauge consists of a thin metal layer in a zigzag pattern on the 
plastic substrate. The metal layers are typically deposited through sputter or e-beam 
evaporator and patterned by the wet or dry etching process. The simple construction and high 
flexibility of these metal strain gauges makes them suitable to measure high strain at a low 
price.  
For strain measurement, the strain gauge is bonded to the object. When force is 
applied, both object and strain gauge deform, causing the change of resistance of the strain 
gauge. This resistance can be formulated as  
 
 (1) 
 
where ρ is the resistivity of the wire, L is the length, and A is the cross-section area.  
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Differentiating the prior equation yields  
 
                                  (2) 
 
The ratio of relative increase in length to the relative decrease in diameter depends on 
the material and is defined as Poisson’s ratio. This can be written as  
 
(3) 
 
 
where P is Poisson’s ratio, and D is the side of the cross-section area. With this, Eq. (2) can 
be rewritten as  
 
                                   (4) 
 
The sensitivity of the device, or the strain gauge factor, is defined as  
 
                               (5) 
 
The resistivity of the metal strain gauge is not affected by the application of stress, 
and it results in a gauge factor of 
 
                                         (6) 
 
 This indicates that geometrical change by the strain is the only source for the 
resistance change in the metal strain gauge. The typical value of Poisson’s ratio of the metals 
is smaller than 0.5, indicating a very small piezoresistive effect [2]. Yet, the metal strain 
gauge is very useful in various areas due to its simple structure.  
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2.3 Silicon Strain Gauge 
A high strain gauge factor is needed for applications where low strain levels are to be 
measured. In the 1960s Smith showed that silicon is a good candidate for this application due 
to its high gauge factor of up to 170 for p-type and 135 for n-type [2]. As shown in Eq. (4), 
the change of resistance depends on two different mechanisms, geometrical change and 
resistivity change. While only the first term contributes to the change of resistance in a metal 
strain gauge, both terms contribute to the change of resistance in a semiconductor strain 
gauge. This tells us that the high gauge factor in semiconductors is solely due to the strain 
sensitivity of the resistivity. The following subsection explains how the resistivity changes 
with the strain. 
 
2.3.1 Energy Band Structure 
The energy E of the particle can be expressed with mass m and the momentum p by 
the following well known equation:  
 
                                                            (7) 
 
This can be expressed with wave-number k as  
 
                                                   (8) 
 
where h is Planck’s constant. An electron in the semiconductor, however, interacts with the 
periodic lattice in the semiconductor and yields the periodic occurrence of forbidden energy 
gaps, causing the valence and the conduction bands as shown in Figure 1 [6]. In general, the 
detailed band structures in k-space are rather difficult to construct. In order to ease this task, 
we rely on the fact that the crystal is highly symmetric. Figure 2 shows the surfaces of equal 
energy structure in three-dimensional k-spaces [2]. It appears that these surfaces are ellipsoids 
along the main crystal axes. This fact that the energy surfaces are ellipsoids with long axes 
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along the crystal axes is the main reason of the piezoresistive effect in n-type silicon.  
 In order to explain this, Eq. (7) is used. With known energy E and momentum p, 
mass m can be easily calculated by differentiating twice and taking the inverse of Eq. (7).  
 
(9) 
 
This can be expressed with wave-number k as  
 
                             (10) 
 
It appears that the effective mass of electrons in six conduction energy bands depend 
on the direction of electron movements in that energy surface. With electric field along the 
[100] direction, for example, two-thirds of electrons in energy minima along [001], [001], 
[010], and [010] have a small effective mass and one-third along [100] and [100] have a 
larger mass. The well known relation between the effective mass and the mobility tells that 
two-thirds of electrons have relatively large mobility and one-third has small mobility. This 
can be written in terms of conductivity as  
 
                  (11) 
 
where σ is the conductivity of the silicon wire, an µ is the mobility. This is the conductivity 
of silicon wire with no strain. However, Eq. (11) no longer applies when strain is applied and 
redistributes the electrons among the minima. This is explained in the following subsections.  
 
2.3.2 N-type Silicon  
To understand the piezoresistive effect in n-type silicon, the change of band structure 
due to the strain is analyzed. As explained in the previous section, the forbidden energy gap 
between the conduction and valence bands is due to the interaction between moving electrons 
and the periodic lattice. When anisotropic stress is applied, lattice spacing along the stress 
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direction increases, whereas spacing along two other perpendicular directions decreases [2]. 
As a result, it changes the interaction of the electrons with the lattice, yielding the change of 
the forbidden energy gap. For example, with the compression along the [100] direction, the 
minimum energy level along the [100] direction becomes lower, whereas the minima along 
the [010] and [001] directions becomes higher.  
 This change of energy minima in different directions redistributes the electrons 
among them. For the compression along the [100] direction, for example, electrons move 
toward lower minima, which is in the [100] direction. Figure 3 illustrates the change of 
energy minima in this condition [2]. Equation (11) no long applies, but more than one third of 
electrons contribute to the lower mobility with [100] directional electric field, and this results 
in lower conductivity of the wire.  
 
2.3.3 P-type Silicon 
Hole concentrations in valence band contribute to the piezoresistive effect in p-type 
silicon. As shown in Figure 1, there are two relations between the energy E and the wave 
number k. Large and small flatness correspond to heavy and light hole bands, respectively, 
and both bands have their peaks at k = 0. The different flatness results in different effective 
masses and motilities of holes in those different bands. This difference is greatest in the [111] 
direction and smaller for the [100] direction [2]. As the strain is applied, heavy and light holes 
bands split, and holes move toward the lower bands. The effect of this redistribution of holes 
is large for the [111] direction where the mobility difference between heavy and light hole 
bands is greatest. The experimental results show that p-type silicon has a positive strain 
gauge factor, meaning positive or tensile strain along the current direction causes an increase 
of the resistivity. This indicates that positive strain causes the band with lower mobility to be 
higher with respect to the high mobility band. Figure 4 shows the band structure under two 
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different strain conditions: no strain and tensile strain along the [111] direction [7].  
 
 
  
- 9 - 
 
2.4 Figures 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Energy band structure of silicon for different k direction where г corresponds to 
k = 0 [6].  
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Figure 2. Surfaces of equal energy structure near the energy minimum in the conduction band 
in three-dimensional k-space [2].  
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Figure 3. With a compression along the [100] direction, the conduction energy minimum 
along that direction becomes lower, whereas the conduction energy minima along two other 
directions become higher. This change of energy minima redistributes the electrons that were 
originally in the conduction bands along [010] and [001] toward the conduction bands along 
the [100] direction. Dotted line corresponds to the electron density with no strain, and solid 
line corresponds to the electron density after compression [2].  
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Figure 4. The left figure illustrates valence bands under no strain and the right figure shows 
the bands when tensile strain is applied along the [111] direction. The applied strain alters the 
effective masses of heavy and light holes and redistributes the hole concentration there [7]. 
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CHAPTER 3 
 
GAUGE FACTOR VARIATION 
 
3.1 Effect of Doping Concentration 
It appears that the gauge factor strongly depends on the doping concentration of the 
silicon wire. Reported experimental results in Figure 5 show that the gauge factor decreases 
as doping concentration increases [8]. Equation (5) tells that gauge factor is the relative 
change of resistance by the applied strain. Many electrons in highly doped silicon occupy the 
energy state in the conduction band, whereas most electrons in lowly doped silicon stay in the 
valence band. As the stress is applied, the energy band shifts, and this change solely depends 
on the magnitude of the strain. Electrons in higher energy levels move toward the lower 
energy level until the equilibrium state. If many electrons are available in conduction bands, 
as in highly doped silicon, the relative number of replaced electrons is small and results small 
resistance change. On the other hand, the relative number of replaced electrons is high in 
lowly doped silicon, yielding high gauge factor. This effect can explain the p-type silicon in a 
similar manner. The relative magnitude of hole redistribution between heavy and light hole 
bands is high in lowly doped silicon and low in highly doped silicon. This results in high and 
low gauge factors for the lowly doped and highly doped silicon, respectively.  
 
3.2 Effect of Temperature 
The gauge factor also depends on the temperature. It appears that lowly doped silicon 
having large gauge factor shows high temperature dependency. The occupation of conduction 
bands by electrons is solely determined by the doping concentration in highly doped silicon. 
As a result, the temperature does not affect the electron density or, consequently, the gauge 
factor of the strain gauge. On the other hand, thermally excited electrons in lowly doped 
- 14 - 
 
silicon contribute greatly to the electron density in conduction bands. This indeed results in a 
low gauge factor as the relative redistribution of electrons due to the strain is reduced. Figure 
6 shows the high temperature dependency of the gauge factor in lowly doped silicon [9].  
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3.3 Figures 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. The change of normalized gauge factor of silicon strain gauge at various doping 
concentrations. The gauge factor decreases with increasing doping concentration [8].  
 
 
 
  
- 16 - 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6. The gauge factor dependence on temperature. The factor P by which the gauge 
factor at room temperature should be multiplied to get the gauge factor at various 
temperatures is shown [9].  
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CHAPTER 4 
NEWLY DEVELOPED STRAIN SENSOR 
 
4.1 Motivation 
The newly developed strain sensor using single crystalline silicon on flexible 
substrate combines the advantages of metal and semiconductor based strain gauges. As 
discussed in the previous section, the metal strain gauge has high flexibility due to its simple 
construction that only requires depositing and patterning of a metal layer on plastic. However, 
its small sensitivity and difficulty integrating with other microelectronics limit its 
applications. For example, this type of gauge is not suitable for areas where high signal-to-
noise ratio is required or low strains are to be measured [2]. The semiconductor strain gauge, 
on the other hand, has high sensitivity, and it is easy to integrate on the same substrate with 
other devices such as diodes and MOS transistors. Yet, most semiconductor based strain 
gauges are fabricated on the wafer, and their mechanical rigidity is not suitable for certain 
applications that require a large-scale integrated system on a thin, flexible substrate. The new 
strain sensor overcomes this limitation through the use of thin single crystalline silicon on a 
flexible substrate and the multiplexing diodes.  
 
4.2 Fabrication Processes 
The procedure exploits recently reported approaches [10]-[12] in which transfer 
printing of doped µs-Si nanomembrane generated from silicon-on-insulator (SOI: Soitec 
unibond with 300-nm top p-type Si layer with resistivity of 14-22 Ω-cm) onto polyimide (PI) 
substrate and subsequent processing yields the device structure. Figure 7(a) presents 
simplified process flow and schematic layout of the strain gauge device [3]. The process 
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begins by defining high doped regions through an impurity diffusion process described in 
[12]. The higher impurity concentration improves the ohmic contact and temperature 
independence at the cost of lower piezoresistance factor (i.e. strain sensitivity or gauge factor) 
[9]. The boron concentration of ~5 x 10
18
/cm
3
 in our strain gauge, shown in Figure 7(b), 
provides good ohmic contact that yields a linear I-V curve for a µs-Si resistor [3]. At this 
impurity condition, temperature dependence (i.e. temperature coefficient of resistance) is 
reduced by a factor of 5 compared to 1 x 10
16
/cm
3
 [9], while the strain gauge factor is 
maintained at ~80% [8]. Deposition, lithography and wet etching of PECVD-deposited SiO2 
interlayer dielectric and e-beam evaporated Cr/Au electrodes generate the final device 
structure. The circuitry schematic of the Wheatstone bridge configuration is shown in Figure 
7(c), where we apply strain in x or y direction while input voltage is applied to nodes A and C, 
and output voltages are measured from nodes B and D [3]. Figure 7(d) is an optical image of 
a strain gauge with Wheatstone bridge configuration (which consists of four individual µs-Si 
resistors) and an individual µs- Si resistor on polyimide substrate. 
 
4.3 Results and Discussion 
As illustrated in Figure 8(a), uniaxial tensile strain is applied in the longitudinal 
direction to a polyimide substrate which has a printed single µs-Si resistor of size 20 ×  
200 µm
2
. In this configuration, the change in resistance of the µs-Si resistor at various strain 
levels can be measured to extract the gauge factor associated with a printed µs-Si resistor on 
polyimide substrate. The resistance of the µs-Si resistor varies linearly with the applied 
tensile strain, and the extracted gauge factor of this heterogeneous system is ~43 as shown in 
Figure 8(a) [3]. The change in the output voltage of the µs-Si Wheatstone bridge strain gauge 
is measured in the same manner. Figure 8(b) is the result under ±3 V input bias [3]. To 
predict the output voltage of a Wheatstone bridge, I use the following simple equation:  
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                                       (12) 
 
where R denotes the in situ resistance of each bridge (i.e. µs-Si resistor) and can be calculated 
by 
 
 (13) 
 
where ε is the applied strain and R0 is the initial resistance. The calculated voltage output 
reasonably matches experimental data, as shown in Figure 8(b) [3]. 
In order to investigate the reliability of the µs-Si Wheatstone bridge strain gauge, the 
change in output voltages is measured for varying bending radii and repetitive cycles. The 
results in Figure 9(a) show good stability in which output voltage is constant through the 
repetitive cycles up to 1000 at different bending radii [3]. Figure 9(b) presents change in 
resistance of the µs-Si resistor with varying substrate temperature [3]. The obtained 
temperature coefficient of resistance (TCR) of 1.5 × 10
-3
/
o
C is in agreement with the reported 
value for p-type silicon with ~10
18
/cm
3
 dopant concentration [9]. The value decreases to 7.0 x 
10
-3 
/
o
C for a device bent to a radius of 25 mm. The Wheatstone bridge configuration nullifies 
the temperature dependence under no strain because the TCRs associated with all four µs-Si 
resistsors would automatically compensate for each other. The temperature, however, can 
affect the device performance in the strained state. This is shown in Figure 9(c) [3]. 
Integration of sensors with multiplexing PN diodes yields an array structure. PN 
diodes are chosen as the multiplexing components of the array for their simple structure and 
stable performance. Figure 10(a) shows the schematic layout of such an array and its single 
unit cell where PN diodes are integrated at the output node of each Wheatstone bridge [3]. 
Multiplexing works by successively applying +3 V to each row's input bias line, while 
making the bias of all the other rows equal to -3 V. This condition causes all diodes except 
those that are biased by +3 V to be in the reverse condition; thus, only one Wheatstone bridge 
that is biased with +3 V contributes the output of each column. Figure 10(b) shows the result 
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of a 6 x 6 strain sensor array with tensile, compressive, and combined strain conditions. The 
sign of the output voltage tells the stress condition, where positive and negative value, 
corresponding to tensile and compressive strain, respectively, are applied by bending the 
substrate in different directions.  
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4.4 Figures 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7. (a) Process flow and schematic layout of µs-Si diffused resistor and Wheatstone 
bridge on plastic substrate using transfer printing technique [3]. (b) Boron impurity 
concentration of ~5 x 10
18
/cm
3
 through entire thickness of µs-Si resistor [3]. (c) Circuitry 
schematic of Wheatstone bridge; with ±3 input bias at nodes B and D, the voltage difference 
between nodes A and C indicates the uniaxial applied strain [3]. (d) Optical view of 
Wheatstone bridge and resistor array; inset shows the top view optical micrograph of a single 
unit cell representing the Wheatstone bridge and isolated Si resistor [3].  
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Figure 8. (a) Resistance change of µs-Si resistor as a function of applied longitudinal tensile 
strain; the slope gives the strain gauge factor of 43 [3]. (b) Voltage change of Wheatstone 
bridge as a function of uniaxial tensile strain [3].  
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Figure 9. (a) Voltage output from Wheatstone bridge during 1000 bending cycles at different 
radii [3]. (b) 1.5 x 10
-3
/
o
C and 7.0 x 10
-3
/
o
C TCR of µs-Si resistor under no strained and 
strained conditions, respectively [3]. (c) Voltage output from Wheatstone bridge at 
temperatures ranging from 40 
o
C to 80 
o
C [3].  
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Figure 10. (a) Schematic of strain gauge array system. (b) Operation of 6 x 6 strain sensor 
array under different strain conditions by bending to18 mm radius [3].  
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CHAPTER 5 
HIGH SPEED COLPITTS OSCILLATOR 
 
5.1 Motivation 
 The dramatic improvements of flexible and biocompatible high performance 
electronics enabled the various deformable sensing applications that can be implanted in the 
body [5], [13]. However, the recently reported sensor uses anisotropic conductive films for 
the data transmission, and it requires several surgeries to acquire the data from inside the 
body [13]. In order to reduce the number of surgeries, high speed circuitry that enables the 
data transmission in a wireless manner is necessary. Many researchers nowadays are working 
on flexible circuit components such as a transistor, an inductor, and a capacitor to 
demonstrate their effective operation in a high frequency regime [14]-[15], but none of them 
integrate those components to generate wireless communication systems. In this thesis, the 
high speed flexible Colpitts oscillator that is commonly used in signal transmitting 
applications is analyzed.  
 
5.2 Circuit Description 
 Figure 11(a) shows a circuit schematic of the oscillator consisting of capacitors, an 
inductor, resistor, and GaAs MESFET. The frequency of transmission depends on the 
resonant frequency of an inductor and two capacitors that serve as a simple LC oscillator [16]. 
Attenuation of the signal in this oscillator due to resistive losses is compensated by a GaAs 
MESFET amplifier which serves as a small signal negative resistance device. Figure 11(b) 
shows the procedure for designing the oscillator starting with a simple equivalent circuit of 
the MESFET [16]. The input impedance, Vin/Iin, of the device with feedback elements X1 and 
X2 equals 
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                                                                        (14)
 
where gm is the transconductance of the MESFET. Two capacitors in the Colpitts oscillator 
determine the value of X1 and X2. The addition of the resonating inductor makes the net 
reactance looking into the gate of the feedback-loaded transistor equal to zero at only one 
frequency, so the oscillation frequency occurs there by the following equation.  
 
 
                                                                      (15)
 
The inductor in the circuitry can also serve as the antenna of the signal transmission.  
 
5.3 Fabrication Processes 
 Figure 12(a) shows the fabrication procedure to generate the flexible GaAs MESFET 
in which GaAs membranes are derived from three different n-doped GaAs epilayers, and then 
assembled onto thin sheets of plastic using printing techniques described in [16]. Due to the 
greatly increased trend of the frequency value at the unity small signal gain, fT, as the gate 
length falls below 2 µm as shown in Figure 12(b) [17], the length of the gate has been chosen 
to be 0.8 µm, as drawn by e-beam lithography (Raith E-Line). In order to make good ohmic 
contact in the source and drain regions of the MESFET, metal layers of 70 nm AuGe, 5 nm 
Ni, and 60 nm Au (which are known to provide good GaAs ohmic contact) are deposited 
through thermal and e-beam evaporators. Figure 12(c) shows the integrated circuitry 
consisting of the MESFET, an inductor, and capacitors. The integration of each component is 
patterned through the lift-off process of 5 nm/150 nm Cr/Au that also serves as the first metal 
layer of the inductor and capacitor [16]. Similar fabrication approaches for strain sensors 
described in Chapter 4 define the PECVD deposited dielectric layers and second metal layers 
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of inductor and capacitor.  
 
5.4 Results and Discussion 
The functional wireless circuitry to be used with the sensors described in Chapter 4 
needs reliable high speed active and passive components. Using the Agilent network analyzer 
with 150 μm pitch ground-signal-ground probes, the electrical properties of an inductor were 
acquired as shown in Figure 13(a) where inductance value is 11.1 nH and cutoff frequency is 
around 5 Ghz [16]. Two capacitors in series having value of 0.37 pF and cutoff frequency of 
14 Ghz are analyzed in a same manner, and Figure 13(b) shows the results. Both passive 
components operate well enough to generate the 2.4 Ghz LC oscillator that is shown in 
Figure 13(c) [16]. The typical disadvantage of this metal layered inductor is its low quality 
that causes high parasitic resistance. In order to oscillate the electrical signal with this high 
parasitic effect, a high performance transistor is required. Figure 13(d) shows the small signal 
gain of the GaAs MESFET with channel length of 3 µm and gate length of 0.8 µm [16]. The 
high cutoff frequency where the small signal gain is unity promises the oscillation of the 
electrical signal in the integrated system [16]. In order to confirm this result, I used the 
advanced design system (ADS) software where I can simulate the circuitry with small signal 
data obtained from each component. In this simulation tool, I measure the real part of the 
resistance looking into the inductor, and the negative input resistance value predicts the 
proper operation of the oscillator.  
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5.5 Figures 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 11. (a) Circuitry diagram of the Colpitts oscillator. Inductor and capacitor values are 
11.1 nH and 1.14 pF, respectively, to generate a 2 Ghz oscillating electrical signal [16]. (b) 
Design process for oscillator starting from simplified GaAs MESFET device model [16].   
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Figure 12. (a) Process flow of flexible GaAs MESFET fabrication starting from a GaAs 
wafer [16]. (b) Frequency at unity small signal gain as a fuction of gate length of MESFET 
[17]. (c) Optical image of the Colpitts oscillator on plastic. The circuit consists of a GaAs 
MESFET, an inductor, capacitors, and resistor [16].  
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Figure 13. (a) Electrical property of inductor having 11.1 nH inductance and 5 Ghz cutoff 
frequency [16]. (b) Electrical property of two capacitors in series. The value of capacitance is 
0.37 and cutoff frequency is 1.4 Ghz [16]. (c) Electrical property of LC oscillator having peak 
value at 2.4 Ghz. (d) Small signal gain of GaAs MESFET as a function of frequency. The 
cutoff frequency where gain is unity is at 5 Ghz [16].  
 
  
- 31 - 
 
CHAPTER 6 
CONCLUSION 
 
This thesis has presented the basic physical principles of metal and silicon based strain 
gauges and introduced processing procedures for a strain sensor array based on single 
crystalline silicon integrated with PN diodes on a flexible substrate using transfer printing 
technique. This device shows high flexibility and sensitivity that were not achievable in 
previous sensor systems. Furthermore, the thesis presented the Colpitts oscillator in which a 
high speed operating GaAs MESFET, an inductor, and capacitors are integrated. The proper 
operation of the Colpitts oscillator predicted through ADS simulation demonstrates the future 
potential for wireless data acquisition systems in flexible and stretchable electronics.  
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